Over 50% of HIV+ individuals show significant impairment in psychomotor functioning, processing speed, working memory and attention [1, 2] . Patients receiving combination antiretroviral therapy may still have subcortical atrophy, but the profile of HIV-associated brain changes is poorly understood. With parametric surface-based shape analyses, we mapped the 3D profile of subcortical morphometry in 63 elderly HIV+ subjects (4 female; age=65.35 ± 2.21) and 31 uninfected elderly controls (2 female; age=64.68 ± 4.57) scanned with MRI as part of a San Francisco Bay Area study of elderly people with HIV. We also investigated whether morphometry was associated with nadir CD4+ (T-cell) counts, viral load and illness duration among HIV+ participants.
BACKGROUND
Combined antiretroviral therapy (cART) has vastly improved the quality of life for many people infected with HIV, allowing many of those infected to live to an advanced age. However, even among those receiving long-term, stable cART, upwards of 50% develop symptoms of HIV-associated neurocognitive disorders (HAND) [1, 2] . HAND is characterized by both psychomotor and cognitive impairments in working memory, processing speed, executive function and attention [3] [4] [5] .
The neurotoxic effects of HIV may preferentially affect periventricular white matter tract integrity, frontal cortices and several subcortical brain structures [6] . The extent of psychomotor dysfunction in HIV has been associated with basal ganglia atrophy [7] . Both volumetric increases (hypertrophy) [8] and reductions (atrophy) [9] have been reported to accompany HAND. As suggested by Hua et al., these differential findings may depend on the stage at which the infections were assessed [10] .
While subcortical abnormalities are implicated in HAND, the exact profile of HIV-associated brain abnormalities is not well-understood. More sensitive biomarkers to detect HAND would help clinicians identify which HIV+ subjects are likely to develop neurocognitive disorders, and therefore which patients are in need of early intervention. An important step in characterizing HIV-related neurological abnormalities is to describe local abnormalities in subcortical brain regions. Compared to global volumetric descriptors, surface-based shape features can localize regions of tissue hypertrophy and atrophy.
Here we show the profile of subcortical volumetric and 3D surface-based shape abnormalities in a cohort of 63 elderly HIV+ subjects scanned with structural magnetic resonance imaging (MRI) as part of the UCSF HIV Over 60 Cohort study. To study subcortical shape, we analyzed: (1) the Jacobian determinant (JD) indexed over structures' surface coordinates and (2) radial distances (RD) of structure surfaces from a medial curve. JD maps of a subcortical surface indicate localized atrophy where the determinant is less than 1, and expansion in regions where the JD is greater than 1 [11] . Complementing this, the RD indicates the local "thickness" of the structure.
We additionally tested associations of morphological descriptors with several common HIV clinical indices: nadir CD4+ (nCD4) T-cell count, illness duration, and HIV RNA concentration. We hypothesized that subcortical shape analysis would reveal regions of significant atrophy in HIV+ people relative to matched controls, and that these differences would relate to clinical markers of HIV-related disease. 3 . All participants provided informed consent to enroll in the study.
MATERIALS AND METHODS

Subjects
Image acquisition
Each participant underwent a whole-brain magnetic resonance imaging (MRI) anatomical brain scan on a Siemens 3 Tesla TIM Trio scanner with a 12-channel head coil. T1-weighted MP-RAGE sequences (240 x 256 matrix; FOV = 256mm; 160 slices; voxel size = 1.0 x 1.0 x 1.0 mm 3 ; TI = 900 ms; TR = 2300 ms; TE = 2.98 ms; flip angle = 9°).
Image segmentation
FreeSurfer was used to segment the following volumes of interest (VOIs) from the raw MRIs: the thalamus, caudate, putamen, pallidum, hippocampus, amygdala, accumbens, brain stem, callosum and lateral and third ventricular spaces. All segmentations were visually inspected to ensure their quality. Figure 1 provides an anatomical template of subcortical volumes inspected using shape analysis.
Surface parameterization
To derive shape features from a VOI, we converted its binary segmentation to a parametric 3D surface mesh. Each VOI's surface was parametrized using a conformal mapping to a holomorphic 1-form as detailed in [11] . In this way, the conformal parameterization of each surface is mapped to a rectangular Euclidean domain. This method of conformal mapping has the advantage of optimizing the uniformity of the resultant mesh grid [11] .
Morphological features
Three morphological features were measured: (1) Volume, (2) the Jacobian determinant (JD) and (3) radial distance (RD). Volume was computed directly from FreeSurfer for each VOI. JD and RD, the two shape-based features, were not computed for the callosum or ventricular spaces.
In computing the local JD, the Jacobian matrix at each vertex is given by the following: Take : ! → ! to be the conformal map of the given surface to the rectangular holomorphic 1-form. In a discrete mapping, the derivative map of is approximated by the linear mapping between two triangular faces,
The Jacobian matrix, , is then given by,
The JD indexed at each vertex is given by the determinant of Jacobian matrix, . Local surface dilation is indicated by a JD with value greater than 1; conversely a JD with a value less than 1 indicates a region of atrophy.
The second shape feature, RD, was calculated by first computing a 3-dimensional medial core which defined at the structure's local center. The distance of each surface vertex to the nearest point of the medial core is the radial distance, a measure of the structure's local thickness [12, 13] .
Statistical modeling
Separate multiple linear regression analyses were performed to assess the statistical association between HIV status and other clinical metrics on the various brain measures. The following multiple linear regression model was used:
where outcome is either volume or the vertex-specific JD or RD and main effect is one of HIV status, nCD4 count, viral load or illness duration. Viral load was modeled as a dichotomous variable with participants having more than 50 viral RNA copies/mm 3 having detectable levels; participants below this threshold were considered to have undetectable viral RNA levels.
We controlled for multiple comparisons using the standard false discovery rate (FDR) method with a false-positive rate of 5% (q = 0.05) [14] . FDR was performed separately within each class of morphometry features, volume, JD and RD. For the family of volumetric tests, FDR was applied to the set of all subcortical structures, comprising one adjustment per structure. For shape analyses, a separate regression model was fit at each of 15,000 vertices per structure. Here we simply applied FDR within each structure, correcting for 15,000 separate tests within each surface. 
RESULTS
HIV status
Nadir CD4 count
No significant associations between nCD4 count and volume or shape-based morphometry were observed.
Viral load
Detectability of viral RNA was not a significant predictor of subcortical volumes among HIV+ participants. However, significant shape-based differences were detected in the left pallidum in association with viral RNA and were observed in both RD and JD maps. We observe anterior atrophy of the left putamen while the posterior region expands in subjects with detectable viral RNA (Figure 3) .
HIV duration
The right pallidal volume was positively associated with illness duration ( = 6.3, t = 2.43, p > 0.05) but this association did not survive FDR. Corroborating this trend-level effect, both RD and JD maps of the right pallidum revealed significant expansion in its central region in relation to longer illness duration; RD and JD associations both survived FDR (Figure 4) . Unlike other, more prevalent, forms of dementia, considerably less is known about brain abnormalities in people with HIV and HAND. Cognitive disorders associated with HIV persist, even among patients on stable cART, so it is critical to characterize HIV's affect on key brain regions while also developing biomarkers to track the extent of HIV-associated abnormalities in the central nervous system. With both standard volumetric and surface-based shape descriptors, we identified several brain abnormalities associated with HIV status. Furthermore, we found significant associations between subcortical morphometry and important clinical parameters commonly monitored in HIV+ patients receiving treatment.
We correctly predicted that HIV infection as well as poorer clinical measures associated with HIV would be associated with more severe subcortical atrophy. However, we also observed several unexpected associations: the bilateral pallida was hypertrophied in association with poorer clinical scores; the right hemisphere pallidum with longer illness duration and the left hemisphere pallidum posteriorly with detectable viral RNA concentrations. Notably, this cohort is comprised of exclusively elderly HIV+ participants, many of whom survived infection prior to the advent of modern cART. This raises the possibility that some of these observed differences may result from survivor bias.
Volumetric and shape-based morphometry descriptors each characterized different characteristics of subcortical brain abnormalities in elderly HIV+ participants. Volumetric measures identified a large set of structures differing in size between diagnostic groups, but shape measures alone were able to detect the more subtle associations between clinical measures and subcortical morphometry. Future work will seek to corroborate the observed HIV neurophenotype in other HIV+ cohorts using a similar complement of morphometric descriptors.
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